Hearing impairment in aging is thought to arise from impaired temporal processing in auditory circuits. 26 We used a systems-level (scalp recordings) and a microcircuit-level (extracellular recordings) approach 27 to investigate how aging affects the sensitivity to temporal envelopes of speech-like sounds in rats. Scalp-28 recorded potentials suggest an age-related increase in sensitivity to temporal regularity along the 29 ascending auditory pathway. The underlying cellular changes in the midbrain were examined using 30 extracellular recordings from inferior colliculus neurons. We observed an age-related increase in 31 sensitivity to the sound's onset and temporal regularity (i.e., periodicity envelope) in the spiking output 32 of inferior colliculus neurons, relative to their synaptic inputs (local field potentials). This relative 33 enhancement for aged animals was most prominent for multi-unit (relative to single-unit) spiking 34 activity. Spontaneous multi-unit, but not single-unit, activity was also enhanced in aged compared to 35 young animals. Our results suggest that aging is associated with altered sensitivity to a sound's temporal 36 regularities, and that these effects may be due to increased gain of neural network activity in the midbrain. 37 38 39 Keywords: inferior colliculus, voice onset time, evoked potentials, hearing loss 41
INTRODUCTION
software (TDT). The stimulus was presented free field to the right of the animal, at a distance of 115 cm 147 from speaker to the right ear. Digitized waveforms were recorded with a multichannel recording and 148 stimulation system (RZ-5, TDT) and analyzed with BioSig or custom written programs in MATLAB 149 (Mathworks).
150
Surgical procedures for extracellular recordings 151 Methods for surgery, sound stimulation and recording are similar to those described in (Herrmann et al., 152 2015 , Rabang et al., 2012 . Surgeries and recordings were performed in a 9'×9' double walled acoustic 153 chamber (Industrial Acoustics Corporation). Animals were anesthetized using a mixture of ketamine 154 (VetaKet, 80 mg/kg) and dexmedetomidine (Dexdomitor, 0.2 mg/Kg) administered intra-muscularly via 155 injection. A constant physiological body temperature was maintained using a water-circulated heating 156 pad (Gaymar) set at 37°C with the pump placed outside the recording chamber to eliminate audio and Local field potentials were simultaneously recorded from the same electrode by sampling at 1525.88 Hz 193 and bandpass filtering from 3 to 500 Hz. 195 Auditory brainstem responses (ABRs) were recorded using the scalp-recording setup described above.
194

Assessment of peripheral and brainstem function
196
ABRs were recorded in response to brief broadband click stimuli of 0.1-ms duration that varied in sound 197 levels from 5 to 95 dB SPL in 10 dB steps. The stimuli were presented in alternating polarity at 26.6 198 clicks per second. The acquisition window was 20 ms, and each ABR was an average of 1,500 repetitions.
199
The ABR amplitudes of different waves were calculated as the amplitude of the peak of the wave from 200 the baseline, in BioSig (TDT). ABRs between groups were compared at peak response level, which was 201 determined as the lowest sound level that produced the maximum amplitude for each animal. This 202 typically corresponded to 70-75 dB sound pressure level (SPL) for the young and 80-85 dB SPL for the 203 aged rats. 205 For scalp recorded neural synchronization (i.e., EFRs), the speech-like stimulus (described above) was 206 presented with a repetition rate of 3.1 Hz. The stimulus was presented at peak response level described 207 above, which was determined following a fast-Fourier transform (FFT) of the time-domain response.
204
Analysis of neural synchronization recorded at the scalp
208
Each response time course was obtained as an average of 200 stimulus repetitions in alternating polarity.
209
Responses were filtered online between 30-3000 Hz with a 60 Hz notch filter.
210
In order to analyze the fidelity of the auditory system to synchronize with the temporal structure in 211 the speech-like sound, we first used a broad-scale approach by calculating the correlation between the 212 stimulus waveform and the response time course for lags ranging from 0 to 0.05 s. This cross-correlation 213 approach was calculated twice, once for a low-frequency range (i.e., stimulus waveform and response stimulus waveform and response time course were band-pass filtered from 300 to 3000 Hz; Butterworth).
216
The former assessed neural synchronization to the vowel-like envelope periodicity, the latter assessed 217 neural synchronization to the temporal fine structure in the stimulus. The highest correlation value (out 218 of all lags) was used as a measure of synchronization strength. Separately for the two channels and the 219 two filtered signals, Wilcoxon's rank sum test (Matlab: ranksum) was used to test whether correlation 220 values differed between age groups. 221 We further investigated neural synchronization by calculating the amplitude spectrum (using a fast test whether neural synchronization to the envelope differed between age groups (separately for the 228 caudal and rostral channel). 230 Local field potentials previously band-pass filtered between 3-500Hz during acquisition were further 231 notch filtered at 60 Hz and 120 Hz (elliptic filter; infinite-impulse response [IIR}; zero-phase lag) to 232 suppress line noise, and low-pass filtered at 200 Hz (Butterworth; IIR; zero-phase lag).
229
Analysis of local field potentials (LFPs)
233
For the time-domain analysis, single-trial time courses were averaged separately for each age group. (separately for each frequency). The normalized ITPC (vector strength) reflects a statistical measure -248 that is, a z-score -with a meaningful zero that indicates non-synchronized activity.
249
In order to test for differences in neural synchronization at the envelope frequency between age 250 groups, the normalized vector strength was averaged across the 105-115 Hz frequencies. Wilcoxon's 251 rank sum test (Matlab: ranksum) was used to test whether neural synchronization differed between age 252 groups. 254 Multi-unit activity was extracted based on the recorded broad-band neural signal (Lakatos et al., 2013 , 255 Lakatos et al., 2005 . To this end, the signal was high-pass filtered at 300 Hz (Butterworth; IIR; zero- Figure 3A . Neural responses to the sound onset (RMS amplitude 0-0.08 s) was larger for young 356 compared to aged animals (p = 4.47 e-9 , re = 0.368, df = 237; Figure 3A right), suggesting that the strength 357 of the synaptic inputs to the inferior colliculus neurons decrease with age.
253
Analysis of multi-unit activity (MUA)
358
In order to investigate whether this decrease in synaptic input is accompanied by a decrease in LFP 359 synchronization, the normalized vector strength at the F0 frequency (105-115 Hz) was measured in the 360 sustained response of the LFP (0.08-0.225 s; Figure 3B ). Neural synchronization was larger for young 361 compared to aged rats (p = 2.66 e-4 , re = 0.234, df = 237). These results indicate that the synaptic inputs 362 to the inferior colliculus neurons in response to a speech-like sound decrease in amplitude and synchrony 363 with age. 365 In order to investigate the consequences of the age-related decrease in synaptic inputs (indicated by the 
Synchronization of multi-unit activity with the speech envelope are increased with age
